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A B S T R A C T   

Today, it is common to use thin-layer nanocomposite coatings as insulation to reduce heat loss 
through building walls. One of the important advantages of these coatings is preventing energy 
loss as a thermal barrier in low thicknesses and with high efficiency. Investigations on the energy 
loss and saving of coated buildings are often practiced using numerical and experimental ap-
proaches. In this study, numerical simulation and experimental evaluation consisting of modifi-
cation of nanoparticles and preparation powder coating nanocomposite, are used to study the 
effects of coated polyurethane nanocomposite containing nano Al2O3 and nano ZrO2 on both sides 
of the walls of a sample room on temperature distribution and heat transfer. For this purpose, a 
three-dimensional enclosure was assumed as a room having a radiant cooling panel, which is 
modeled under various features of the walls’ interior and exterior coating. To determine the flow 
and temperature fields, the governing equations that include the continuity, momentum, turbu-
lence, and energy equations, which are coupled through the buoyancy term, have been solved 
using the Fluent software. The SIMPLE algorithm to accommodate the pressure-velocity coupling, 
the k-ε model for turbulence modeling, the Boussinesq approximation for buoyancy term 
modeling, and the DO model for radiation simulation, are employed. The results of the ther-
mography of the samples showed that the temperature reduction in the samples containing zir-
conium oxide compared to aluminum oxide had a better performance in the thermal insulation of 
the coating and the lowest temperature was observed in the nanocomposite containing 3% zir-
conium oxide. Numerical studies showed that this thin layer nanocomposite coating reduces 
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energy consumption by 4% and 13%, respectively, compared to pure polyurethane coatings and 
acrylic paints.  

Nomenclature 

A Area (m2) 
b Wall thickness (m) 
Fi-k Radiation view factor for surface i seeing surface k 
h Convective heat transfer coefficient (W/(m2. K)) 
g Acceleration of gravity (m/s2) 
k Thermal conductivity (W/(m. K)) 
Q Rate of heat transfer (W) 
q" Rate of heat transfer per unit area (W/m2) 
Re Reynolds number 
Cp Specific heat capacity (J/(kg. K)) 
Qi Total heat transfer (W) 
Qr-in(i) Solar radiation entering the room through the windows 
RH Relative humidity percentage 
Tair Inside air temperature (K) 
Tout Outside air temperature (K) 
Ti Inner wall temperature (K) 
α Absorptance 
ε Emissivity 
σ Stefan-Boltzmann constant 
ρ density (kg/m3) 
μ Dynamic viscosity (kg/(m.s)) 
a Thermal diffusivity (m2/s) 
Qc(i) Sum of the convection and conduction heat transfers (W) 
Qr-out(i) Incident solar radiation to the external surface  

1. Introduction 

Energy optimization and saving are the crucial goals in today’s construction industry to reduce energy sources and consumption 
costs in building applications. Previous researches have indicated that 45% of primary energy sources are consumed by buildings, 
making it the single largest energy consumption sector worldwide [1]. This highlights the necessity of acquiring effective methods for 
energy saving in construction applications. 

There are several methods to reduce energy consumption in the building industry. Many researchers have been performed to invent 
new constructional materials that enhanced the thermal or load performance of building constructions [2–4]. One of the methods of 
energy optimization is the use of phase change materials (PCM), such as organic (paraffin, non-paraffin), inorganic (salts hydrate, 
metallic), and eutectic (organic-organic, inorganic-inorganic and organic-inorganic) that are made alone or in combination with other 
construction materials [5–7]. In most cases, the combination and PCMs and other construction materials were through direct incor-
poration, immersion, shape stabilization, and encapsulation, to form a stable composite. The main feature of PMC’s materials is to 
elevate the thermal energy storage capacity of building elements, as support of isolation and prevention of thermal energy dissipation 
[8–10]. 

Among the most recent research and methods for building insulation and temperature effects [11], the use of mineral insulating 
material, such as thermal radiation barriers in paints is a method to create cool coatings [12,13]. Also, nanomaterials have proven to be 
a promising candidate for the thermal insulation of buildings [14]. In the thin-walled coatings with high reflection and low absorption 
coefficient, the surface absorbs less solar radiation; hence, the surface temperature reduces compared to the normal case. The use of 
nanoparticles may improve the performance of the thermal barrier nanocomposite coatings from the heat transfer point of view 
[15–17]. There is not enough investigation in the thermal modeling of such coating, while there have been many studies on thermal 
insulations and their effect on sun energy consumption [18]. 

The results of some previously performed thermal analyses of light aluminum standing seam roofing systems (LASRS) showed that 
the thermal performance of a roofing system with a polyurethane insulation cover was better than that of lightweight roofs with glass 
wool insulation [19]. The results suggested that using lightweight roofs and white-colored polyurethane insulation caused a 20% 
reduction in the space cooling load of the building. 

Another solution to reduce the surface temperature is using cool materials. The cooling effect is due to the reflection of the incident 
solar radiation and the emissivity of the surface. These lead to significant benefits for the buildings and the environment, including CO2 
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reduction. Also, the cool materials decrease the urban heat island effect, reduce the cooling energy consumption and improve the 
internal thermal comfort conditions for the spaces that have not been conditioned. This concept has been utilized for white color roof 
materials with high reflectance [20–25]. Gagliano et al. performed a numerical comparison analysis of environmental and energy 
performance with the standard roof, cool roof, and green roof. The results showed that for energy savings and environmental benefits, 
green and cool roof utilizations are better than the standard roof [26]. 

In addition, an experimental investigation was implemented by Joudi et al. to study the effect of highly reflective coatings on the 
energy efficiency of buildings. In this study, the influence of surface radiation characteristics of highly reflective coil-coated steel 
cladding material on the energy efficiency features of buildings was examined by measuring the energy consumption and temperature 
of several test cabins having diverse interior infrared reflectivity and exterior solar reflectivity. Their results demonstrated consid-
erable energy savings in the test cabins due to the use of highly infrared-reflective inner surfaces both during cooling and heating 
periods, as well as a highly reduced cooling demand by the use of high solar reflective exterior surfaces [27]. 

The effect of passive cooling techniques on the thermal performance of steel roofs was studied numerically by Kabore et al., where 
they investigated two configurations consisting; with and without an attic under tropical climate conditions. Radiant barriers, insu-
lation cool paint, and ventilation were studied, and for both configurations, the reflective surface performed very well. However, in the 
attic case, due to its shape and design, and the climatic conditions, ventilation was not well [28]. 

The reflective cool roofs under aerosol-burdened skies were studied across some selected Indian cities by Millstein and Fischer. 
According to their investigations, using reflective surfaces is an inexpensive way to decrease solar loads in urban regions. Despite the 
high amounts of local aerosols, the results showed that cool roofs provided remarkable radiative advantages in all of the locations 
considered. Finally, they identified that decreasing the aerosols of the atmosphere could improve the radiative advantages of cool roofs 
by 23–74% [29]. 

Focusing on evaluating the energy loss through the cover of a room, infrared thermography of thermal bridges in building cover 
was carried out experimentally by Bianchi et al. [30]. The thermal transmittances of walls, ceiling, and roof were simultaneously 
recorded while each element was specified by its thermal insulation capability. As a reliable tool, the thermography assessment was 
used to quantify the incidence of thermal bridges in the building envelopes. 

The effect of new roof cool tiles on indoor thermal conditions was investigated by Pisello et al. The results of their study were 
compared with the traditional roof brick tiles. They provided the interior thermal profiles for the roof with innovative cool clay and 
traditional brown brick tiles. The results showed that the inside and outside air temperature differences for the innovative cool roof 
case and that of the conventional roof in the summer was 2.79 K and in the winter was 1.54 K [31]. 

Sheikhzadeh et al. studied the effect of mineral micro particles in coatings in acrylic paints, on heat transfer and temperature 
distribution in a room with a cool wall, as a cooling panel, under various states and climates. They showed that acrylic paint containing 
mineral microparticles acts as thermal insulation, resulting in a 20% reduction in energy consumption. Also, the utilization of cooling 
panels and the use of mineral microparticles on external walls gives better results for hot and dry as well as hot and humid weather 
conditions [32]. 

Mohamed et al. [33] studied the effectiveness of applying radiant barrier reflective roof and interior surfaces radiation properties to 
reduce the space cooling loads and electricity demand of houses. Their energy simulation study indicated that the utilization of 
external roof coatings, internal coatings, and radiant barriers significantly reduces the cooling load in comparison to the atypical roof 
finish of houses. 

Reilly and Kinnane studied new methods to measure the effect of thermal mass on the required energy for the heating and cooling of 
buildings. They have found implications for the construction design in cold climate conditions, which contradict the assumption that 
high thermal mass is correlated with low energy consumption. They also performed other analyses for different ranges of locations, 
wall types, and occupancy patterns, which led to similar results [34]. 

In another work, Rehman [35] evaluated the performance of bulk concrete and dry insulation materials used in passive buildings 
exposed to hot and humid climates. This work aimed to determine the heat flux reduction as well as the energy savings achieved in 
different solar radiation insulating materials. The energy was saved up to an average of 7.6–25.3% due to heat flux reduction by an 
average of 22–75% at the south wall during the summer period. 

Most of the previous investigations on the utilization of cooling panels in buildings deal with thermal comfort, cooling capacity 
improvement, efficiency, and energy consumption reduction. Moreover, several studies have been performed on the thermal per-
formance of lightweight roofs, energy efficiency of internal and external thermal insulation systems, assessment of passive cooling 
methods, and heat transfer issues. There are some investigations on the heat insulation effect [36] and thermal degradation kinetics for 
nano-clay, nano aluminum oxide (Al2O3), and nano zirconium oxide (ZrO2) in polyurethane powder coatings [37,38], however, there 
has been no investigation on the utilization and thermal modeling of polyurethane thin layer nanocomposite coatings that contain 
nano aluminum oxide (Al2O3) and nano zirconium oxide (ZrO2) as thermal barriers. 

In another study, novel functionalized boron nitride nano-sheets (BNNS)/epoxy composites with advanced thermal conductivity 
and mechanical properties were studied [39]. Also, a molecular dynamics study on the thermal and rheological properties of 
BNNS/epoxy nanocomposites was investigated [40]. 

It is also common to use nanoparticles in liquid systems to investigate heat transfer. In this area some research were have done 
about entropy analysis of radiative hybrid nano liquid with variant thermal conductivity, thermal gradient direction on heat exchange 
between a pure fluid and a nanofluid, computational analysis of radiative Williamson hybrid nanofluid, and modeling for heat transfer 
optimization for nanoparticles in liquids [41–44]. 

In some studies, heat, and mass transfer have been numerically studied using magneto-hydrodynamic (MHD) by different laws and 
theories [45–48]. 
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In this study, in addition to utilizing polyurethane foam inside the sandwich panels to reduce thermal conductivity, a numerical 
study is done to investigate the effects of applying polyurethane nanocomposite coatings on the internal and external surfaces of these 
panels as a thermal barrier. By using the experimental data of the study by the same author [49], a simulation of a three-dimensional 
room cooled by a wall radiant cooling panel with sandwich walls has been developed, to study the effect of such coatings on the 
internal and external surfaces as a thermal barrier on energy consumption and thermal comfort. A thermal performance evaluation has 
been performed on a single sunny day during the hot season in the city of Tehran, Iran. In addition, the results were compared with the 
data obtained from the pure polyurethane and acrylic paint coatings. 

2. Research methodology 

2.1. Problem definition 

In the numerical simulation, a room of 3 × 3 × 3 m3 has been considered as a standard small room with sandwich panel walls coated 
on both sides, as shown in Fig. 1(a). The room was located on the ground with a cool western wall, while it was in contact with outside 
air via other walls. Given the importance of the radiation properties of the inner surfaces when radiation cooling is used, this research 
employs the cool-wall method, which helps in understanding the role of coating on the inner walls. The detailed configuration and 
materials of the walls, roof, and floor are shown in Fig. 1(b). 

The external and internal coatings were made of pure polyurethane, acrylic paints, and polyurethane nanocomposite with 3% w/w 
Al2O3 and ZrO2. The thermal conductivity, specific heat capacity, and density of the pure polyurethane and the polyurethane nano-
composite coatings were measured using a Laser Flash Analyzer device (LFA) 1000/1000 HT model (Germany). The LFA 1000 was 
prepared for temperatures ranging from room temperature (RT) up to 1523.15/1873.15 K and − 148.15 Kup to 773.15 K. The highest 
accuracy was measured at ±2.2% for the thermal diffusivity, ±4% for the specific heat, and ±5% for the thermal conductivity, while 
the repeatability was recorded at ±2% for the thermal diffusivity, ±3.5% for the specific heat, and ±4% for the thermal conductivity. 
The LFA runs in agreement with national and international standards ASTM E− 1461-13 [50], while it covers the widest measuring 
range as; 0.1 up to 2000 W/(m.K) for the thermal conductivity, as well as 0.01up to 1000 mm2/s for the thermal diffusivity. The 
measurements in the experimental section were performed at least five times per sample, while the average and the standard de-
viations of the results have been reported. Experimental results for thermal conductivity, density, and specific heat capacity of the 
purely prepared polyurethane and 3% w/w Al2O3 and ZrO2 nanocomposite coatings have been presented in Table 1. 

It should be noted that in the experimental part various samples with different percentages of nanoparticles were prepared, and the 
necessary tests were made to obtain radiation and thermal conductivity coefficients as well as thermal imaging. The results of these 
tests showed that the optimum amount of nano oxide was 3%, therefore, the modeling was done based on it [49,51]. 

Fig. 1. (a) the geometry of the room, and (b) the configuration of the walls.  

Table 1 
Thermal conductivity, diffusivity, specific heat, and density of the pure polyurethane and the polyurethane nanocomposite coatings [51].  

Samples Densityρ(g/cm3) Specific Heat CP (J/g.K) Thermal Diffusivity a (cm2/s) Thermal ConductivityK [W/(m.K)] 

Blank (PU) 1.47 1.02 0.00342 0.513 
PU-3% nano ZrO2 1.455 1 0.00292 0.425 
PU-3% nano Al2O3 1.42 0.8 0.00341 0.388  

Table 2 
Overall heat transfer coefficients [W/(m2.K)].  

Coating type (On both sides) Floor Roof Walls 

Acrylic paint 0.227 0.2216 0.2237 
Blank - 0% 0.227 0.2286 0.2307 
PU- 3% nano ZrO2 0.227 0.2287 0.2308 
PU- 3% nano Al2O3 0.227 0.2287 0.2308  
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Concerning the configuration of the walls shown in Fig. 1(b) and based on the measured conductivity values presented in Table 1, 
as well as the thermal conductivity of 0.036 W/(m.K) of the sandwich panel [52], the corresponding overall heat transfer coefficients 
were obtained as listed in Table 2. It is worth mentioning that, a larger amount of Al2O3 and ZrO2 nanoparticles in polyurethane 
decreases the thermal conductivity of the coating. However, the different thermal conductivity values of the coatings presented in 
Table 1 would have no significant effect on the overall heat transfer coefficient of the roof and the walls since the coating thickness is 
only 0.004 cm. 

The correct and proper boundary conditions of the room’s interior surfaces are important factors in the modeling and analysis of the 
temperature distribution in the room. These boundary conditions are usually given as temperature or heat flux, which is approximately 
set regarding the inside and outside conditions. To have a close approximation, using a lumped model based on the energy balance for 
each surface and taking into account the effects of conduction, convection, and radiations (as instructed in the published literature 
[32]), the model consists of convection and radiation heat transfer terms that are given as equation (1). 

hiAi(Tair − Ti)+ εiσAi

{
∑N

k=1
Fi− k

(
T4

k − T4
i

)
}

=Qi (1)  

where, hi is the convection heat transfer coefficient; Ai is the surface area, Tair is the temperature of room air, Ti is the temperature of 
the i-th surfaces, Tk is the temperature of the k-th surfaces, εi is emissivity, σ = 5.67 × 10− 8 W/(m2K4) is the Stefan-Boltzman constant, 
Fi-k represents the view factor between the i-th and k-th surfaces and Qi is total heat transfer (W). 

The total heat transferred from the i-th surface is represented by the term Qi as equation (2). 

Qi =Qc(i) − Qr− in(i) − Qr− out(i) (2)  

where Qi: Total heat transfer (W), Qc(i) is the sum of the convection and conduction heat transfers from the i-th wall. Qr-in(i) represents 
the solar radiation entering the room through the windows of the i-th wall. Qr-out(i) is the incident solar radiation to the external surface 
of the i-th wall. Since there is no window in the present case study, Qr-in(i) is considered zero. The energy balance for the internal 
surfaces of the building could be computed using equation (3). 

Qc(i) =

⎛

⎜
⎜
⎝

Ti − Tout(i)
bi
ki
+ 1

hout(i)

⎞

⎟
⎟
⎠A (3)  

where Qc(i) is the sum of the convection and conduction heat transfers from the i-th wall. Ti is the inner wall temperature, Tout(i) is 
outside air temperature, bi is the wall thickness, ki is thermal conductivity, hout(i) is the convective heat transfer coefficient and A is the 
area beside the internal surfaces. The energy balance for the inside air is calculated using equation (4). 

minfCP,air
(
Tair − Tinf

)
=
∑N

i=1
hiAi(Ti − Tair) (4)  

where minf is infiltration air mass flow Cp is specific heat capacity, Tair is inside air temperature, Tinf is infiltration air temperature, hi is 
convective heat transfer coefficient and Ai is area and Ti is the inner wall temperature. 

Table 3 
The simulation parameters [30].  

Parameter Value/unit 

Outdoor air temperature Tout = 309.15 K 
Ground temperature Tg = 291.15 K 
Acceleration of gravity g = − 9.8 m/s2 

Air thermal expansion coefficient β = 0.00365 1/K 
Air viscosity μ = 1.7894 × 10− 5 kg/(m.s) 
Air specific heat cp = 1006.43 J/(kg.K) 
Air absorption coefficient a = 0.2 
Air thermal diffusivity α = 3 × 10− 5 m2/s  

Table 4 
Emissivity of nanocomposite coatings in the long wavelengths (IR) [36,49].  

Samples Emissivity coefficient in IR region (ε) 

Blank (PU) 0.86 
PU- 3% nano ZrO2 0.88 
PU- 3% nano Al2O3 0.87 
Acrylic paint 0.90  
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2.2. Boundary conditions and modeling parameters 

The outdoor summer design temperature, ground temperature, and physical properties of air (including specific heat, thermal 
expansion coefficient, thermal conductivity, dynamic viscosity, and density at 300 K) are listed in Table 3. Emissometer/Reflectometer 
AZ-Technology’s TEMP 2000A and Shimadzu spectrophotometer UV-3600 were used to measure the emissivity and reflection coef-
ficient of the samples [49]. 

The absorption coefficient and surface emissivity, respectively, for acrylic paint, pure polyurethane, and innovative nanocomposite 
coatings at their best composition, i.e., 3% w/w Al2O3 and ZrO2 [49], are listed in Tables 4 and 5. The results presented in Tables 4 and 
5 have been used for the energy balance and the results presented in Table 5 have been used for modeling the internal conditions. 

Based on the conditions mentioned above, the Rayleigh number is greater than 1010 and, hence, the fluid regime is turbulent. Since 
the air velocity of air is low enough in the room, the flow is considered incompressible. To determine the velocity and temperature 
fields, the governing equations have to be solved for the steady, incompressible flow in a three-dimensional Cartesian coordinate. The 
governing equations are the continuity, momentum, turbulence, and energy equations that are coupled through the buoyancy term. 
This was done using the Fluent software and by employing the SIMPLE algorithm to accommodate the pressure-velocity coupling and 
k-ε (RNG: Renormalization group) to model the turbulence. In addition, due to low-temperature gradients, use of the Boussines q 
approximation with ρ = 1.22 kg

m3 is utilized. Also due to low optical thickness (aL< 1) and low-temperature gradients, the DO radiation 
model has been employed [49,53]. 

By utilizing an overall energy balance, a computer code was prepared to obtain the walls’ interior surface temperatures. For this 
purpose, the highest intensities of solar radiation on the walls, calculated by the Carrier software were considered, and the results have 
been presented in Table 6. The interior surface temperatures for different coating cases have been presented in Table 7. 

The results for the cooling panel temperature of 292.15 K [32] and outdoor summer design temperature of 309.15 K on an August 
sunny day at 1:00 p.m. in the city of Tehran, Iran, as a hot and sunny day in summer were obtained. 

2.3. Grid system selection and refinement 

In order to minimize the computational time, the structured mesh was used in the simulation of the room. In addition, adaptive 
meshing with an expansion coefficient of 1.05 was used to apply an accurate heat transfer effect near the boundaries [54]. Several grid 
systems were tested to ensure the mesh independence of the results and to determine the appropriate number of cells. The results for 

Table 5 
Absorption coefficient in the short wavelengths (UV/VIS/NIR) region [36,49].  

Samples Absorption coefficient (α) 

Blank (PU) 0.23 
PU- 3% nano ZrO2 0.19 
PU- 3% nano Al2O3 0.19 
Acrylic paint 0.40  

Table 6 
Intensities of solar radiation on the walls (W/m2).  

Eastern Wall Western Wall Roof Northern Wall Southern Wall 

677 676 809 115 404  

Table 7 
Temperature of the interior surfaces (K).  

Sample Nanoparticle Eastern wall Western wall Roof Floor Northern wall Southern wall 

C1 0% 294.69 292 294.74 294.31 294.63 294.68 
A3 3% Al2O3 294.61 292 294.63 294.24 294.54 294.61 
Z3 3% ZrO2 294.61 292 294.61 294.24 294.52 294.61 
Acrylic paint 294.86 292 295.09 294.39 294.74 294.78  

Table 8 
The effect of cell numbers on the total and radiation heat transfer for the case of pure polyurethane coating.  

Surface Division Number of Cells Total heat transfer rateQtotal (W) Radiation heat transfer rateQradiation (W) 

20 × 20 × 20 8000 130.5 105.2 
30 × 30 × 30 27,000 135.1 105.6 
40 × 40 × 40 64,000 133.7 105.7 
50 × 50 × 50 125,000 143.8 104.6 
60 × 60 × 60 216,000 154.6 105.1 
80 × 80 × 80 512,000 156.8 104.4  
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the total and radiation heat fluxes, utilizing different grid systems, are presented in Table 8 (for the case in which pure polyurethane 
coating on the walls is used). Results indicated that the total heat transfer rate changed by less than 2% when the grid system with more 
than 512,000 cells was considered in comparison to 216,000. Therefore, the grid system of 216,000 cells was used in the models. 

2.4. Validation 

In order to validate the developed code for obtaining the temperature of the interior surfaces, the simulation of the sample in an 
experiment developed by Rahimi and Sabernaeemi [55] was implemented with the assumption of similar boundary conditions. In this 
regard, the interior surface temperatures calculated using the code were compared with the experimental results, as reported in Table 9 
[55]. The comparison shows a good matching with a maximum relative difference of about 0.4%. 

3. Results and discussion 

3.1. Results of the simulation 

Several simulations have been run for the case studies that used pure polyurethane, acrylic paint, and polyurethane nanocomposite 
with 3% w/w Al2O3 and ZrO2 nanoparticles coatings on the internal and external room surfaces. 

Under the same environmental conditions and solar radiation in summer, as observed from Table 7, a lower internal surface 
temperature for the walls with nanocomposite coatings including Al2O3 and ZrO2 has been obtained, when compared with the walls 
without these coatings. This difference is due to lower absorption and higher reflection by the walls with the aforementioned coatings, 
which remarkably reduce the heat loss through the walls. Fig. 2 shows the temperature distribution on the vertical plane in the middle 
of the room for the following four coating cases on both sides: the wall with a pure polyurethane coating, the wall with Al2O3 
nanocomposite coating, the wall with ZrO2nanocompositecoating, and the wall with acrylic paint. 

Although, the temperature distributions have shown some differences in detail of the four cases, however, the temperature values 

Table 9 
Internal surface temperatures (K); Results of the computer code of this study and those presented in Rahimi and Sabernaeemi’s study [55].   

Northern Southern Eastern Western Roof Floor 

Experimental work 295.6 295.5 295.7 295.6 295.8 300.7 
The present study 296.9 296.9 296.9 296.9 296.9 300.7  

Fig. 2. Isothermal lines on XY plane and at Z = 1.5 for different cases. a) Case 1: pure polyurethane coating, b) Case 2: Al2O3 nanocomposite coating, c) Case 3: ZrO2 

nanocomposite coating and d) Case 4: Acrylic paint. (Temperatures are in K). 
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were within the thermal comfort range as instructed in the literature [56]. It should be noted that the simulation is done in 
three-dimension and the surfaces are considered with constant temperature boundary conditions. At the same time, the heat transfer 
from the walls depended on the surrounding air inside the room. For a better comparison, the temperature distribution in the room’s 
central location in the horizontal and vertical directions (four cases) is extracted, as shown in Fig. 3. 

The detail of temperature distribution on the vertical and horizontal centerline is distinct (Fig. 3), however, the lowest tempera-
tures are for the Al2O3 or ZrO2 nanocomposites. Furthermore, there is almost a 0.5 ◦C temperature decrease for Al2O3 and ZrO2 
nanocomposites coatings compared with acrylic paint, which results in lower energy consumption. 

To select the best coating performance, the total heat transfer rate through the walls, as well as the radiation heat transfer rate from 
the internal surfaces is obtained as presented in Table 10. The lowest heat load is related to the nanocomposite coating with nano ZrO2. 
The nanocomposite coatings containing ZrO2 and Al2O3 have the same thermal performance and demonstrate less than a 0.5% dif-
ference in heat loss. Compared to pure polyurethane coatings and acrylic paints, nanocomposite coatings with ZrO2 yield 4% and 13% 
fewer energy consumptions, respectively. This indicates the significant influence of composite coatings in general and the ZrO2 
nanocomposite coating on energy consumption reduction. One of the important results of this study, in which a wall was utilized as a 
radiant cooling panel, is that the share of radiation heat transfer from the internal surfaces is at least 64% for acrylic paint and at most 
70% for ZrO2 nanocomposite coating. These results indicate the effective role of nano zirconium oxide and aluminum oxide nano-
particles in lower absorption and higher reflection effect on surface coatings and preventing heat transfer, which is consistent with 
experimental results. 

3.2. Thermography results of the samples 

To evaluate the radiation performance of the case studies, the experimental thermography of the samples was performed. For this 
purpose, they were placed outdoors horizontally under the incident of solar radiation. Because the coating was designed to reduce the 
absorption coefficient and increase the emission coefficient at low wavelengths, the imaging was carried out on a hot and sunny day in 
summer. For modeling, the weather data of the same day was used according to the Meteorological Center report. Using an infrared 
camera, 10 × 15 cm coated plates were imaged on 15th August at 12 p.m. Fig. 4 shows the temperature variations along with the line P 
of the samples. 

Despite similar environmental conditions and solar radiation, the average temperatures of the sample with a pure polyurethane 
coating, Al2O3 nanocomposite coating, and the sample with ZrO2 nanocomposite coating were 309.35 K, 309.25 K, and 307.15 K, 
respectively. The 2-degree difference in temperature indicates a higher radiation reflection of the nanocomposite coating with ZrO2 
coating. The difference in the temperature of the coating used with zirconium nano oxide and aluminum oxide nanoparticles indicates 
that the coating that contains zirconium nano oxide has a greater effect on reducing absorption and increasing the reflection, which is 
related to its inherent nature. In other words, this coating, with lower absorption and higher radiation reflection, significantly reduces 
the thermal losses through the building walls. 

Fig. 3. Vertical (a) and horizontal (b) temperature profiles in the middle of the room for different cases.  

Table 10 
Heat transfer rate through the walls (W).  

Coating (On both sides of the wall) Total heat transfer rate Radiation heat transfer rate 

Acrylic paint 171.95 118.59 
Blank (PU) 154.62 105.13 
PU- 3% nano ZrO2 150.38 103.94 
PU- 3% nano Al2O3 150.92 103.21  
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4. Conclusions 

The insulation of building outside walls by thermal barrier coating is introduced as a new approach that significantly reduces the 
energy consumption in buildings. In this study, a numerical approach and experimental assessment are used to investigate the effects of 
coated polyurethane nanocomposite “containing nano Al2O3 and nano ZrO2 on both sides of the walls of a sample room” on tem-
perature distribution and heat transfer. The following are the results in brief.  

• For all the studied cases, despite the cold wall with a constant temperature of 292 K, the temperature is within the comfort range.  
• The measured thermal conductivity of the nanocomposite coatings having 3% w/w Al2O3 and ZrO2 decreased by 24% and 17% 

compared to that of pure polyurethane, respectively.  
• ZrO2 and Al2O3 nanocomposite coatings showed almost the same thermal performance and had than 0.5% discrepancy in thermal 

loss with respect to each other. 
• The nanocomposite coatings applied on both sides of the room walls acted as thermal barriers. The results showed that nano-

composite coatings, compared to pure polyurethane coatings and acrylic paints, reduced the thermal losses by 4% and 13%, 
respectively.  

• With the utilization of the western wall as the radiant cooling panels, thermal radiation was the dominant heat transfer mechanism 
and it was at least 64% and at most 70%. 

Fig. 4. Thermal image of the sample coated with pure polyurethane and 3% w/w Al2O3 and ZrO2 nanocomposites.  

A. Azemati et al.                                                                                                                                                                                                       



Case Studies in Thermal Engineering 43 (2023) 102688

10

• Regarding the low absorption coefficient of ZrO2 and Al2O3 nanocomposite coatings, their utilization on the walls of the sandwich 
panels for hot-dry and hot-humid climates in regions with long summers and high solar radiation seem appropriate.  

• It was observed that the walls with nanocomposite coating of 3% w/wZrO2 improve the performance of the radiant cooling panel 
by about 12%, also reducing energy consumption. 
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